The fish reproductive axis is regulated by many neuroendocrine factors. However, factors involved in the suppression of this axis are largely uncharacterized. In this study, we describe a novel neuropeptide derived from the spexin precursor acting as a negative factor to suppress the reproductive axis in teleost. The cDNA sequences of the spexin precursors have been cloned from both zebrafish and goldfish. A 14-aa mature peptide with the C-terminal amidated (spexin-14a: NWTPQAMLYLKGTQ-NH2) is conceivably generated by processing of the spexin precursors in both species. Spexin is mainly expressed in the brain and ovary of zebrafish and spexin-14a-ir cells are located in several brain regions of goldfish. Functionally, goldfish spexin-14a could significantly suppress luteinizing hormone (LH) release in cultured goldfish pituitary cells. Moreover, intraperitoneal injection of spexin-14a could effectively suppress serum LH level. The mRNA expression of spexin is lower in the breeding season and hypothalamic expression of spexin is regulated by gonadal hormones. These results constitute the first report on the novel role of spexin in the negative regulation of the reproductive axis in teleost.
Introduction
The HPG axis plays a critical role in the control of reproduction in vertebrates (Vadakkadath and Atwood, 2005) . This axis is tightly controlled by GnRH released from the forebrain promoting LH and FSH synthesis and release from the pituitary gonadotrophs. LH and FSH act on the gonads to maintain their functional and structural integrity. Sex steroids released from the gonads in turn feedback on the brain to increase or decrease gonadotropin release. For a long time, signals regulating GnRH release are unknown. In recent years, breakthroughs have been made by discovery of the neuropeptides kisspeptin and neurokinin B in controlling GnRH release (de Roux et al., 2003; Seminara et al., 2003) . The HPG regulatory loop is closed by demonstrating that kisspeptin and neurokinin B play important roles in mediating the feedback of sex hormone on the brain (Oakley et al., 2009; Pinilla et al., 2012) .
In teleost, the release of gonadotropin from the pituitary is mainly stimulated by hypothalamic GnRHs (Zohar et al., 2010) . As in mammals, kisspeptins may stimulate the HPG axis by acting on GnRH neurons in teleost (Akazome et al., 2010; ). In addition, other neuropeptides or hormones also stimulate gonadotropin release such as neuropeptide Y (Peng et al., 1993) , ghrelin (Grey et al., 2010) and secretogranin II (Zhao et al., 2009 ). The endocrine factors for negative control of gonadotropic axis are less characterized in teleost fish. Dopamine suppresses gonadotropin release in fresh water fish (Dufour et al., 2010 ). GnIH decreases serum LH level but stimulates LH release from pituitary cells (Amano et al., 2006; Moussavi et al., 2012; Zhang et al., 2010) . Therefore, the reproductive axis in teleost is regulated by various 0303-7207 Ó 2013 The Authors. Published by Elsevier Ireland Ltd. http://dx.doi.org/10.1016/j.mce.2013.04.008
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In this study, we discovered that a novel gene closely linked to the kiss2 loci probably encodes for a hormone precursor. In silico search of potential hormone precursors by other groups have also identified this gene and named it as spexin (Mirabeau et al., 2007) , NPQ (Sonmez et al., 2009) or C12ORF39 (Wan et al., 2010) . Recent studies suggested that spexin may act as a peptide hormone to stimulate adrenocortical cell proliferation and modulate cardiovascular and renal functions Toll et al., 2012) . Herein we cloned spexin cDNA sequences from zebrafish and goldfish, investigated their expression patterns, and conducted in vitro and in vivo studies to demonstrate the novel action of the spexin mature peptide in suppression of the HPG axis in teleost.
Materials and methods

Animals and sample collections
Zebrafish and goldfish were obtained from local fish farms in Guangzhou, China. Tissue samples were collected immediately from decapitated fish and snap frozen in liquid nitrogen. All animal experiments were conducted in accordance with the guidelines and approval of the respective Animal Research and Ethics Committees of the Sun Yat-Sen University and the Chinese University of Hong Kong.
Molecular cloning of spexin cDNAs in zebrafish and goldfish
The Genscan software was employed to predict the ORF sequence of zebrafish spexin. The predicted ORF was confirmed by RT-PCR and sequencing. Based on the zebrafish spexin sequence, degenerate primers were designed ( Table 1 ). The full-length cDNA sequence of the goldfish spexin was obtained by 5 0 -and 3 0 RACE using the GeneRacer Kit (Invitrogen). For all PCR in this study, amplifications were performed at an initial denaturation temperature of 94C for 3 min, followed by 35 cycles of 94C for 15 s, 52-58C for 15 s and 72C for 1-1.5 min. The reaction was ended by a further extension of 10 min at 72C. The amplification products were purified using the E.Z.N.A. Gel Extraction Kit (Omega BioTek, GA, USA) and ligated into the pTZ57R/T vector (Fermentas, MD, USA). The primers used are listed in Table 1 . Three different individual positive clones were sequenced to confirm the sequence results.
Data mining and sequence analysis
Genomic synteny analysis was performed on the Ensembl database (http://www.ensembl.org). The signal peptide was predicted using SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP-3.0/).
The cleavage sites of the neuropeptide precursors were analyzed using the NeuroPred software (http://neuroproteomics.scs.illinois.edu/neuropred.html). Multiple sequence alignments were performed using ClustalW.
Tissue expression of spexin by real-time PCR
Total RNA was prepared using Trizol reagent (Invitrogen). One microgram of total RNA from each tissue was digested with DNase I (Invitrogen) and reverse transcribed into cDNA. Real-time PCR was performed on an ABI PRISM Ò 7900 Sequence Detection System (Applied Biosystems) using the SYBR Green I Kit (TOYOBO, Japan) according to the manufacturer's instructions. Standard curves of amplification of spexin and 18S were generated by serial dilutions of cDNA constructs. After amplification, fluorescent data were converted to threshold cycle values (CT). The concentration of the template in the sample was determined by relating the CT value to the standard curve. The spexin transcript levels were normalized against 18S transcript levels.
IHC detection of spexin expression in goldfish brain
Goldfish brain tissues for IHC were fixed in 4% PFA and dehydrated gradually through increasing concentrations of ethanol.
The paraffin embedded tissues were sectioned at 5 lm. Primary rabbit polyclonal antibody against human, rat, and mouse spexin (Phoenix Pharmaceuticals, China) were diluted at 1:500. IHC were performed as described previously ). Controls were made by omission of the primary antibody or using pre-adsorbed antibody. Sections were counterstained with hematoxylin.
In vitro actions of goldfish spexin-14a on LH secretion from goldfish pituitary cells in primary culture
Sexually mature female goldfish were anesthetized in 0.05% tricaine methanesulfonate before decapitation. Primary cells were isolated as described previously ). Cells were seeded at a density of 2.5 Â 10 5 cells/well on poly-L-lysine-coated 24-well dishes in 1 ml M199 containing 100 U/ml penicillin, 100 mg/ml streptomycin, and 5% FBS. After preincubation at 25C for 24 h, the medium was aspirated away and replaced with a fresh medium containing the test peptides (goldfish spexin or GnIH). Spexin peptides and GnIH were synthesized by GL Biochem (Shanghai, China). The purity of the synthesized peptides were >95% as determined by analytical HPLC. The culture media were harvested after incubation for 0.5 and 3 h, and were stored at À80°C until measurement of LH by RIA. 
In vivo actions of goldfish spexin-14a on LH secretion in goldfish
Sexually mature female goldfish of 120-140 g in body weight were kept in indoor tanks supplied with constant water flow. The fish were acclimatized to the environment for 2 weeks and fed on commercial fish feeds. The test peptides were dissolved in a vehicle of 0.7% NaCl. Fish were anesthetized and intraperitoneally injected with various doses of the test peptides. Control fish were administrated with the vehicle only or GnIH peptide. Blood samples were collected from the caudal vessels at 1, 3 and 6 h afterwards. Serum samples were separated by centrifugation and stored at À80°C until measurement of LH by RIA.
Hormone measurements
LH levels in the serum samples and culture media were determined using a heterologous RIA as described by Peter et al. (1984) and Lin et al. (1988) in which antiserum against the b-subunit of carp LH was used as the primary antibody and intact carp LH was used as the standard and tracer.
Spexin expression level at different gonadal stages
Goldfish were maintained in a local farm. Ten to 12 fish were sacrificed monthly in both non-breeding season and breeding season. The GSI was calculated as the gonad mass divided by the total body mass. Ovarian tissue from each fish was sectioned to ascertain the gonadal developmental stages. The zebrafish puberty samples were kindly provided by Prof. Wei Ge of the Chinese University of Hong Kong. Brain samples were collected as described previously (Wang and Ge, 2004) .
Ovariectomy and estrogen replacement
Sexually mature female goldfish were anesthetized. A cut was made in the abdominal middle line to remove bilateral ovaries. The cut was sealed by surgical suture. The operated fish were allowed to rest for 2 weeks for recovery. In the sham-operated controls, a small cut was also made without disruption of the ovarian tissue. In the E 2 replacement group, the ovariectomized fish were injected with 200 ng E 2 per fish (Huggard-Nelson et al., 2002) . Twelve hours after the injection, tissue samples were collected from each group.
Statistical analysis
All data were expressed as mean values ± S.D. Data were considered statistically significant at P < 0.05 using one-way analysis of variance followed by Dunnett's multiple comparison test.
Results
Cloning of spexin precursors in goldfish and zebrafish
During genomic synteny analysis of kiss2, we found spexin probably encodes for a hormone precursor (Fig. 1) . We then cloned the cDNA sequences of spexin from zebrafish and goldfish. In both species, spexin contains an ORF of 309 bp, encoding for a 102-aa precursor with a signal peptide and pro-hormone cleavage/amidation sites (RR/GKR) ( Fig. 2A and B) . A 14-aa mature peptide with C-terminal amidated (spexin-14a) is conceivably generated by cleavage of the spexin precursors of zebrafish and goldfish ( Fig. 2A and B) .
Comparison of spexin precursors from different species shows relatively low overall aa identity (Fig. 2C) . However, the putative mature peptide and the two cleavage sites are well conserved across species. The predicted spexin-14a has the same aa sequence across tetrapods and differs only by one aa among the teleost fish (Fig. 2C) , suggesting that evolution pressure has acted to conserve the functional region of these precursors.
Spexin is mainly expressed in brain and ovary
Real-time PCR was employed to study the tissue expression pattern of spexin. In zebrafish, spexin is mainly expressed in the brain and ovary (Fig. 3A) . A low level expression of spexin was detected in the liver, intestine, kidney, heart and gill (Fig. 3A) . In goldfish, spexin is mainly expressed in several brain regions including the diencephalons, spinal cord and hypothalamus (Fig. 3B) . A low level expression of spexin was also detected in the peripheral tissues (Fig. 3B) . The expression of spexin-14a in goldfish brain was also investigated by IHC. A commercial antibody against mammalian spexin14a was used. The antibody generates positive signals (brown in color) 1 in the goldfish brain (Fig. 4A) . Specificity of the signals was confirmed by pre-absorption of the antibody with goldfish spexin-14-a (Fig. 4B) . Spexin-14a-ir signals were detected in the anterior hypothalamus, ventromedial thalamic nucleus and medial longitudinal fasciculus (Fig. 4C-F) .
Goldfish spexin suppresses LH release in vitro and in vivo
The in vitro action of spexin-14a on LH secretion was examined on primary culture of goldfish pituitary cells. As shown in Fig. 5 , goldfish spexin-14a could significantly suppress LH release in a dose-dependent manner. The C-terminal free spexin (spexin-14) acted similarly, but was slightly less effective as compared with the amide derivative (Fig. 5) .
The in vivo action of the goldfish spexin-14a on LH release was also investigated. As shown in Fig. 6 , peripheral administration of spexin-14a to goldfish significantly suppressed serum LH level at 1 h (1 lg/gBW and 10 ng/gBW dosage) and 3 h (1 lg/gBW dosage) post-injection. As the positive control in our experiments, peripheral administration of goldfish GnIH at a dosage of 1 lg/gBW also suppressed serum LH level at 1 h and 3 h post-injection.
Spexin expression level is correlated with gonadal stages
Expression of spexin in the brain was studied during zebrafish puberty. The expression of spexin increased significantly around puberty (e.g. the PV and EV stages) and reached the highest level 1 For interpretation of color in Fig. 4 , the reader is referred to the web version of this article.
at EV stage. Thereafter, the expression level decreased gradually (Fig. 7A) . The hypothalamic expression of spexin was also investigated during the breeding cycle of female goldfish. The GSI of goldfish in south China increased dramatically from October (non-breeding season) to February of the next year (breeding season) (Fig. 7B ). The hypothalamic spexin expression level was significantly lower in the breeding season (Fig. 7B) .
Hypothalamic spexin expression is regulated by gonadal hormones
We have thereafter investigated whether spexin expression in the hypothalamus is regulated by gonadal hormones. The hypothalamic spexin expression significantly increased after ovariectomy (Fig. 8) , suggesting gonadal hormones exert inhibitory actions on the expression of spexin in the hypothalamus. E 2 replacement in the ovariectomized group could restore the up-regulated hypothalamic spexin level (Fig. 8) , suggesting that E 2 is involved in the regulation of spexin expression.
Discussion
GnIH, the avian gonadotropin-inhibitory factor (Tsutsui et al., 2000) , provides the lead to investigate whether its orthologs could act as inhibitory factor suppressing gonadotropin release across different vertebrates. Actually, GnIH orthologs have been shown to suppress the HPG axis to different extents in different species 1000ng/g spexin-14a 1000ng/g GnIH ( Tsutsui et al., 2012) . Identification of other neuropeptides involved in suppressing the reproductive axis is highly warranted. In this study, we have described the novel actions of a newly discovered neuropeptide spexin-14a in suppressing LH release in goldfish. These data add new information to our limited knowledge about the negative regulation of the reproductive axis by neuroendocrine factors. Further investigations are needed to find out whether the conserved spexin-14a could act to regulate the reproductive axis in other species. The cloned zebrafish spexin precursor contains a signal peptide and two putative proteolytic cleavage sites, suggesting that it is a hormone precursor. In fact, the putative mature peptide and proteolytic cleavage sites are well conserved across species. In all species studied except rat, the spexin precursor contains an amidation signal (GKR), indicating that the C-terminus of endogenous peptide is amidated. However, the C-terminal free spexin could also suppress LH release from pituitary cells, indicating that this C-terminal amidation is not required for its biological activity. Although the nature of the endogenous spexin peptides remains to be established, recent study indicated that spexin is secreted in cell lines (Wan et al., 2010) . Moreover, proteolytic processing of the spexin precursor occurs in pancreatic cell lines (Mirabeau et al., 2007) , indicating that bioactive peptide could be generated from the spexin precursor.
In human, spexin is mainly detected in the muscle, kidney and several brain regions (Mirabeau et al., 2007; Sonmez et al., 2009 ). In rat, spexin mRNA and spexin-14a-ir are widely distributed in various brain areas and peripheral tissues . In this study, we have demonstrated that spexin is mainly expressed in the neuronal and reproductive tissues of zebrafish and goldfish. It is also intriguing to discover that spexin gene is located closely to the kiss2 locus. These findings have prompted us to examine its possible functional roles in regulating the reproductive axis. Interestingly, the spexin mature peptide was found to dramatically suppress LH release from goldfish pituitary cells, indicating its direct action on the gonadotrophs. Moreover, i.p. injections of spexin-14a potently decreased serum LH levels. These results indicated that spexin-14a is a novel LH inhibitory hormone in goldfish both in vitro and in vivo. Although the inhibitory action of spexin-14a could occur at the pituitary level, spexin mRNA and spexin-14a-ir cells were mainly detected in the brain regions. Further studies are warranted to ascertain whether spexin-14a interact with other factors such as GnRH and dopamine to regulate the HPG axis in teleost.
Results on the expression of spexin in different reproductive stages of zebrafish and goldfish are revealing. During the first zebrafish ovary maturation cycle, the expression of spexin in the brain gradually increased in the early follicular stages and then decreased in the late follicular stages. In goldfish, spexin expression level is lower in the breeding season. Given the inhibitory action of spexin on the reproductive axis, a low expression of spexin would confer a high LH level during the breeding season. On one hand, spexin may regulate gonadal functions via regulating gonadotropin release. On the other hand, the expression level of spexin in the brain may in turn be regulated in a feedback manner by gonadal hormones. In support of this hypothesis, we have found that the hypothalamic spexin expression in goldfish is increased after castration and E 2 replacement could restore the up-regulated hypothalamic expression of spexin. These data suggest that spexin participates in regulating the reproductive axis under physiological conditions.
Taken together, our data indicate that spexin plays important roles in suppression of the HPG axis in teleost. Further investigations are needed to find out whether this evolutionarily conserved neuropeptide could act similarly or differently to regulate the reproductive axis in other species.
